Claudins are the critical transmembrane proteins in tight junctions. Claudin-5, for instance, prevents paracellular permeation of small molecules. However, the molecular interaction mechanism is unknown. Hence, the claudin-claudin interaction and tight junction strand formation were investigated using systematic single mutations. Claudin-5 mutants transfected into tight junction-free cells demonstrated that the extracellular loop 2 is involved in strand formation via trans-interaction, but not via polymerization, along the plasma membrane of one cell. Three phenotypes were obtained: the tight junction type (wild-type-like trans-and cis-interaction; the disjunction type (blocked trans-interaction); the intracellular type (disturbed folding). Combining site-directed mutagenesis, live-cell imaging-, electron microscopy-, and molecular modeling data led to an antiparallel homodimer homology model of the loop. These data for the first time explain how two claudins hold onto each other and constrict the paracellular space. The intermolecular interface includes aromatic (F147, Y148, Y158) and hydrophilic (Q156, E159) residues. The aromatic residues form a strong binding core between two loops from opposing cells. Since nearly all these residues are conserved in most claudins, our findings are of general relevance for all classical claudins. On the basis of the data we have established a novel molecular concept for tight junction formation. The tight junction (TJ) is the prerequisite for tissue barriers and for the proper function of organs such as intestine, kidney or brain. In epithelia and endothelia, TJs are located most apical of the lateral plasma membrane. In transmission electron microscopy TJs appear as fusions of the plasma membrane between two cells. Intramembranous strands and complementary grooves can be visualized by freeze-fracture electron microscopy (1).
The tight junction (TJ) is the prerequisite for tissue barriers and for the proper function of organs such as intestine, kidney or brain. In epithelia and endothelia, TJs are located most apical of the lateral plasma membrane. In transmission electron microscopy TJs appear as fusions of the plasma membrane between two cells. Intramembranous strands and complementary grooves can be visualized by freeze-fracture electron microscopy (1).
The TJ-strands consist of the transmembrane proteins occludin, tricellulin, and claudins (2) (3) (4) (5) . The claudin family includes ϳ24 members with a tetraspan transmembrane topology. Transfection experiments with TJ-free fibroblasts have demonstrated that claudins-but not other TJ-proteins-reconstitute membranous strands similar to those observed in epithelial cells (6) . This demonstrates that claudins are the major functional constituents of the TJs. The scaffolding proteins zonula occludens(ZO)-1 and -2 are essential for the spatial organization of the claudin-based strands in epithelial cells (7) but not for basic strand formation in claudin-transfected unpolar cells (8) .
It has been shown that claudins tighten the paracellular cleft, with selectivity for tissue, size and charge. Thus, studies on knock-out mice have demonstrated that claudin-1 and -5 (Cld5) are responsible for the tightness of the skin (9) and blood-brain barrier (10) , respectively. Claudin-2, -15, and -16 form paracellular cation pores (11) (12) (13) . Claudin-4, -5, -8, -11, and -14 expression selectively decreases the permeability of cations through TJ (14 -17) . Two cysteines in extracellular loop one (ECL1) of Cld5 seem to be essential for paracellular tightening (17) . Charges in the ECL1 of claudin-15 are essential for pore formation (18) .
Claudins can interact in a homo-and heterophilic manner (19) , i.e., between two molecules of the same claudin member or between those of different claudin members. However, it is unknown how claudins interact at the molecular level to seal the paracellular cleft. Claudins are assumed to interact in the plasma membrane of the same cell (cis-interaction) and between plasma membranes of opposing cells (trans-interaction), similarly as defined for cadherins (20) . To clarify the molecular interaction and strand-forming mechanism we studied the exogenous expression of an individual claudin in TJ-free human embryonal kidney (HEK) cells. Earlier, we demonstrated direct Cld5 self-association, although the interaction mechanism remained unclear (21) . We, therefore, investigated the homophilic interaction of Cld5 in detail. In particular, we focused on the very short ECL2 of Cld5, as this loop contains amino acids that are highly conserved among claudins and species, and as we already had observed, oligomerization of this loop (21) . The HEK cells were transfected with Cld5-mutants and analyzed by live-cell imaging, fluorescence resonance energy transfer (FRET), and electron microscopy. The experimental data were combined with structural data resulting in the first molecular model of a trans-interaction motif for a TJ multispan membrane protein.
MATERIALS AND METHODS

Cells and antibodies
HEK cells (line 293) were cultured in DMEM (Dulbecco's modified Eagle's medium) supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 U penicillin, and 100 mg/ml streptomycin (21) . Antibodies: Rabbit anti-Cld5 (recognizing a cytosolic C-terminal sequence), HRP-conjugated anti-rabbit, Cy3-conjugated anti-rabbit (Invitrogen, Carlsbad, CA, USA), rabbit-anti-FLAG (Sigma, St. Louis, MO, USA).
Mammalian expression vectors, site-directed mutagenesis, and transfection
Expression vectors for murine Cld5 based on pECFP-N1/ pEYFP-N1 (Clonetech, Palo Alto, CA, USA): CFP, cyanofluorescence protein; YFP, yellow-fluorescence protein (21) . Site-directed mutagenesis was performed with the Quickchange kit (Stratagene, La Jolla, CA, USA), transfection with Lipofectamine 2000 (Invitrogen) according to the supplier's recommendations. Stable lines were selected by 1 mg/ml G418 (Calbiochem, San Diego, CA, USA). To avoid the development of clonal variations, pools containing different Cld5-YFPs expressing and nonexpressing colonies were used. In addition, cells were sorted with FACSVantage SE System (BD Biosciences, San Jose, CA, USA) to achieve cultures in which Ն95% of the cells express the Cld5-YFP-construct.
Immunocytochemistry and live-cell imaging
Immunocytochemistry was performed as described (21) . For live-cell imaging, transfected cells were transferred to 1 ml DMEM, 10 mM N-(2-hydroxyethyl)piperazine-NЈ(2-ethanesulfonic acid) pH 7.5 without phenol red. The plasma membrane was visualized by addition of 20 l trypan blue, 0.05% in PBS (phosphate buffered saline) (22) . For membrane staining we also used the membrane marker FM1-43 (Molecular Probes, Eugene, OR, USA) and obtained the same results. Cells were examined with a LSM 510 META system, using an Axiovert 135 microscope equipped with a PlanNeofluar 100ϫ/1.3 objective (Zeiss, Oberkochen, Germany) (21) . YFP was investigated at exc. 488/ em . 505-550 nm, trypan blue exc. 543/ em. Ͼ590 nm, DAPI exc. 364/ em. 385-470 nm. The thickness of optical sections was Ͻ0.9 m. To quantify Cld5 enrichment at contacts between two Cld5-YFP-expressing cells (Cld5-contacts), intensity profiles of confocal images of living cells were analyzed (Fig. 2) . Contacts between two cells were identified by the trypan blue fluorescence peaks. For each cell pair, Ն5 intensity profiles were quantified. To investigate Cld5-YFP targeting to the plasma membrane, colocalization of the fluorescence of the Cld5-YFP constructs with that of trypan blue in confocal images was analyzed. If no colocalization of a YFP and trypan blue peak was detectable, Cld5 constructs were considered not to be present in the plasma membrane as the wild-type.
FRET analysis
Cells were cotransfected with plasmids encoding Cld5 wt -CFP and YFP-fusion proteins of Cld5 wt , Cld5 mutants, or corticotropin releasing factor receptor 1 (CRFR1). CRFR1-YFP was used as control, as this receptor was found to colocalize with Cld5 at cell-cell contacts but does not interact with Cld5 (21) . FRET acceptor photobleaching was performed three days after transfection as described (21) . Briefly, CFP and YFP were excited at 458 and 514 nm and detected from 463-495 and 527-634 nm, respectively. Photobleaching of YFP at the area of cell-cell contacts was performed by using 30 -40 pulses of the 514 nm argon laser line at 100% intensity. FRET efficiency (E F ) was calculated as E F ϭ(I A -I B )ϫ100/I A , where I B and I A refer to the CFP intensity before and after photobleaching. In each experiment, the pair Cld5 wt -CFP and Cld5 wt -YFP was the internal standard. The relative E F was calculated as the E F of a distinct Cld5 wt -CFP/YFP-protein (Cld mutant or CRFR1) pair divided by E F of Cld5 wt -CFP/Cld5 wt -YFP. For quantitation, the laser and detector settings were kept constant, and only cells with CFP and YFP intensities similar to the intensities of the internal standard (Cld5 wt -CFP/Cld5 wt -YFP) were used.
Cell-surface biotinylation
Cells were biotinylated as described (22) , with minor modifications. Briefly, cells were incubated for 50 min at 4°C with 0.4 mg/ml EZ-link-NHS-SS-biotin (Pierce, Rockford, IL, USA) in PBS with Ca/Mg; 50 mM glycine in PBS with Ca/Mg was used for quenching. Lysis was performed in 50 mM Tris/HCl, pH 7.5; 150 mM NaCl; 1 mM ethylendiaminetetraacetate; 1% Nonidet-P40 (Calbiochem); 0.5% Na-deoxycholate, 0.1% Na-dodecylsulfate and Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN, USA). For each Cld5-YFP construct, the intensities of the immunoreactive bands were normalized to the respective intensity for Cld5 wt -YFP detected in parallel. Surface biotinylation rate was calculated by dividing the normalized intensity in the cell surface fraction by the normalized intensity in the lysate.
Freeze-fracture electron microscopy
Transfected cells were cultured in poly-L-lysine coated tissue culture flasks (Greiner, Flacht, Germany) until confluence, washed with PBS with Ca/Mg, fixed for 2 h with 2.5% glutaraldehyde (electron microscopy grade, Sigma) in PBS with Ca/Mg, washed, and processed for freeze-fracture electron microscopy (23) .
Structural bioinformatics and molecular modeling
To generate a homology model for mouse Cld5-ECL2, a three-step strategy was used: 1) selection of suitable structural templates, by sequence similarity search (FASTAprogram) at the Protein Data Bank (http://www.rcsb.org/ pdb/). The revealed templates and predictions of secondary structure (program jpred) (24) indicated a helix/turn/helix motif for ECL2. Since the transmembrane (TM) regions were also predicted as helices (SwissProt database) (25) , the conjunctions between ECL2 and the TM helices 3 and 4 (Cld5 135-140 , 162-165 ) were built on the template in the same manner.
2) The monomer template models were evaluated and ranked to transport/ folding-defect phenotypes of all ECL2-mutants according the consistency of intramolecular side chain interactions. 3) A dimer model was generated in that two molecules of the best monomer model were systematically placed next to each other to simulate all possible interfaces of the hypothesized trans-interaction of the loop. As score, the number of intermolecular interactions of side chain pairs was used. In particular, the consistency to the disjunction types of mutants was considered. All manual reciprocal dockings, manipulations, and optimizations of ECL2 models were performed with the program Sybyl 6.9 (Tripos Inc., St. Louis, MO, USA). The models were energetically minimized, using the AMBER95 force field. The geometrical quality of the final model was evaluated by the PROCHECK program (26) .
Statistics
Data are means Ϯ sem; the statistical analysis was one-way ANOVA with subsequent unpaired t test, P Ͻ 0.01 was taken as significant. Supplemental information is available on the FASEB Journal website.
RESULTS
Amino acid substitutions in the extracellular loop 2 of claudin-5 alter its subcellular distribution HEK cells, free of endogenous claudins 1 to 5 and of TJ strands (supplementary Fig. S1 ), were used to analyze homophilic Cld5 interactions by enrichment of transfected Cld5-YFP at contacts between two Cld5-expressing cells (referred to below as "Cld5-contacts", Fig. 1A, S2) . To investigate the role of the ECL2 of Cld5 in trans-interaction, systematic exchange of single amino acids was performed (position 145 to 160 of mouse Cld5; predicted ECL2, Swiss-Prot). The mutants were transfected and the subcellular distribution was analyzed by immunocytochemistry and live-cell imaging. The Cld5-mutants exhibited three phenotypes: Mutants of the TJ type showed enrichment at Cld5-contacts, which resembled Cld5 wt (Fig. 1B) . This indicates that the amino acid substitution did not alter the ability to form trans-interactions. Mutants of the disjunction type were homogenously distributed throughout the plasma membrane and not enriched at Cld5-contacts (Fig. 1C) . This indicates that the amino acid substitutions abolished the trans-interaction. Mutants of the intracellular type were mainly accumulated intracellularly, plasma membrane levels of Cld5 were drastically decreased (Fig. 1D ). This indicates that the mutation disturbs folding and/or transport. For an overview of the mutants, see Fig. 8 .
A distinct subset of amino acid substitutions in the extracellular loop 2 of claudin-5 blocks trans-interaction
The enrichment of Cld5-YFP mutants at Cld5-contacts was quantified by confocal microscopy of living cells (Fig. 2) . The intensity ratio (I) between the Cld5 signal intensity at contacts between two Cld5-expressing cells and the intensity at contacts between a Cld5-expressing and -nonexpressing cell was calculated for each Cld5-YFP mutant. Thus, two groups were distinguished (Fig.  2 , bottom panel): Group A (R145A, R145Q, E146N, D149N, P150A, T151A, V154A, S155A, Q156A) gave I Ն 2.0. These values were not significantly different from the wild-type (Iϭ3.2Ϯ0.5) and reflected strong enrichment at Cld5-contacts (TJ type, black columns). In Group B (E146A, F147A, Y148A, Y148L, D149A, V152A, P153A, Q156E, K157A, K157M, Y158A, E159A, E159Q, L160A), the I values were 1.0 Ϯ 0.3. This was highly significantly lower than for the wild-type and indicated that there was no enrichment at Cld5-contacts. The lack of enrichment at the contact site for the group B could be either due to a specific effect on the trans-interaction (disjunction type, white columns) or due to low levels of Cld5 at the plasma membrane (intracellular type, gray columns).
To analyze plasma membrane targeting, colocalization of all Cld5-YFP mutants with the plasma membrane, visualized with trypan blue, was investigated by confocal microscopy (examples Fig. 1 ). In an independent biochemical approach, cell surface biotinylation was applied to quantify the level of mutated Cld5 at the plasma membrane (Fig. 3) . Comparison of the different Cld5-YFP mutants revealed considerable differences in cell surface targeting (Fig. 3B) . The plasma membrane targeting data demonstrate that substitutions R145A, R145Q, E146N, F147A, Y148A, D149N, P150A, T151A, V154A, S155A, Q156A, Q156E, Y158A, and E159Q did not critically decrease the amount of Cld5 in the plasma membrane. In contrast, E146A, Y146L, D149A, V152A, P153A, K157A, K157M, E159A, and L160A reduced the level of Cld5 in the plasma membrane to less than 50% of that of Cld5 wt .
Intracellular type of extracellular loop 2 mutants leads to retention of claudin-5 in the endoplasmic reticulum
Intracellular accumulation could be due to misfolding of Cld5 and retention in the endoplasmic reticulum (ER). To clarify this, HEK cells were cotransfected with Cld5-YFP constructs and CFP-ER (ER-marker, Clonetech), and colocalization was analyzed. Cld5 wt was mainly found at Cld5-contacts and exhibited weak colocalization with CFP-ER (Fig. 4A) . Cld5 E159Q , an example of the disjunction type, was mainly found throughout the plasma membrane and also exhibited weak colocalization with the ER-marker (Fig. 4B) . However, the intracellular type Cld5 V152A was not detectable in the plasma membrane; it mainly colocalized with CFP-ER (Fig. 4C ). This demonstrated that the intracellular type, but not the disjunction type, is restrained in the ER. Cld5 P150A exhibited an intermediate phenotype: the majority of the transfected cells exhibited intracellular colocalization with CFP-ER and no or weak plasma membrane localization (Fig. 4D) . However, in a subpopulation of cells, wild type-like enrichment at Cld5-contacts was detected (Fig. 4E ). Cld5 Y158A represented another intermediate phenotype: intracellu-lar colocalization with CFP-ER and homogenous plasma membrane localization in most cells (Fig. 4F ), wild-typelike enrichment at Cld5-contacts in a subpopulation (Fig.  4G ). In general, the ER colocalization studies indicate that the intracellular phenotype of Cld5 mutants is likely to be due to ER retention.
Mutations in the extracellular loop 2 do not affect cis-interaction at the plasma membrane
To analyze the contribution of the ECL2 to the cisinteraction of Cld5, we used a FRET assay at Cld5-contacts. For this purpose, HEK cells were cotrans- Single amino acid substitutions in the extracellular loop 2 of claudin-5 affect its subcellular localization. For live-cell imaging, the plasma membrane of HEK cells transfected with Cld5-YFP constructs was visualized with trypan blue (red) and Cld5 was detected by the YFP fluorescence (green). A) Cld5-YFP is strongly enriched in the plasma membrane at contacts between two Cld5-expressing cells (Cld5-contacts, white arrow) but not between Cld5-expressing and -nonexpressing cells (white arrowhead). For the various amino acid substitutions (red ellipses in the topological schemes, left) three phenotypes were observed. For each phenotype representative examples are shown: B) TJ type, Cld5 V154A enriched at the contacts between two Cld5-expressing cells similar to the wild-type; C) disjunction type, Cld5 F147A targeted to the plasma membrane as indicated by the colocalization with trypan blue and homogenous distribution throughout the plasma membrane but no enrichment at contacts between two transfected cells; D) intracellular type, Cld5 K157A accumulated intracellularly, no colocalization with trypan blue. n, nucleus; N, amino-terminus; C, carboxy-terminus; Scale bar ϭ 2 m.
fected with Cld5 wt -CFP and Cld5-YFP mutants to enable the analysis of the mutants in TJ-strands that are formed by the wild-type. Cotransfection of Cld5 wt -CFP with Cld5 wt -YFP caused a 10-fold increase in FRETefficiency compared to the CRFR1-YFP control (Fig. 5 , relative FRET-efficiency 1.00Ϯ0.05 and 0.09Ϯ0.06, respectively). This confirmed the cis-interaction for Cld5 wt , as reported (21) . Coexpression of Cld5 wt -CFP with any mutant of TJ or disjunction type (Cld5-YFP) gave relative FRET-efficiencies (Ͼ0.86), which were not significantly different from that with Cld5 wt -YFP (Fig. 5 , black/white columns). This indicates that the substitutions R145A, R145Q, E146N, F147A, Y148A, D149N, P150A, S155A, Q156A, Q156E, and E159Q do not alter cis-interaction in TJ strands.
In contrast, coexpression of Cld5 wt -CFP with mutants of the intracellular type gave significantly lower relative FRET-efficiencies (Յ0.65). But for the intracellular type Cld5 E146A , Y148L , D149A , and E159A , the FRET efficiency was still higher than that of the control (0.48, 0.65, 0.41, and 0.32, respectively). However, for the intracellular types and the intermediate type Cld5 Y158A the levels of Cld5 in the plasma membrane were much lower than for the wild-, TJ-, or disjunction types, as judged by the measurement of the fluorescence intensities at Cld5-contacts (data not shown). Consequently, at the plasma membrane, the FRET efficiencies of these Cld5 mutants can only be compared in a semiquantitative manner (further details, see Materials and Methods). showed an intensity ratio similar to that of the wild-type reflecting enrichment. Other mutants exhibited strongly reduced ratios Ͻ1.3 reflecting no enrichment. Column colors: black, TJ type; white, disjunction type; gray, intracellular type (classification see Fig. 1) ; striped, intermediate type, details see text. Dashed line, threshold defined as borderline up to which no enrichment is referred; for each mutant, Ն20 cell pairs from Ն2 independent experiments were analyzed. Columns are mean Ϯ se; wt, wild-type; Scale bar ϭ 2 m; *significantly different vs. wt.
Mutations of the disjunction type and intracellular type inhibit formation of membranous claudin-5 strands
In stably transfected HEK cells, the formation and morphology of TJ strands were examined by freezefracturing. Cld5 wt -YFP formed extended networks of discontinuous strands at the exoplasmatic (E)-face (Fig.  6A) . These were similar to those formed by nontagged Cld5 wt (Supplemental Fig. S2D ), indicating that the YFP-tag does not influence strand formation. The mutants of the TJ type Cld5 R145A (not shown), Cld5 E146N (Fig. 6B), Cld5 D149N (Fig. 6C) , or Cld5 Q156A (not shown) formed E-face associated, discontinuous strands similar to Cld5 wt . The data demonstrate that these amino acid substitutions did not alter either the capability of Cld5 to form strands or strand morphology. In contrast, no strands were found for cells transfected with intracellular type Cld5 V152A (not shown). Strikingly, cells transfected with mutants of the disjunction type (F147A, not shown; Y148A, Fig. 6E; E159Q, Fig.  6D ) exhibited no or much less strand formation. In addition, some amino acid substitutions altered the degree of association of particles with the P-or E-face. Thus, the very few strands found for the intracellular type Cld5 P153A exhibited equal E-/P-face association of particles (Fig. 6G, H) . Finally, the very few and simplex strands noted for Cld5 Y148A or Cld5 E159Q (disjunction type) displayed pronounced P-face association (Fig. 6E,  D) . In the case of the intermediate type Cld5 Y158A , some Various Cld5 mutants differed in the amount found in the cell surface fraction, compared to Cld5 wt used as internal control in each gel and experiment. Lanes from one blot are combined in one box (A, right boxes). B) The amount of a Cld5 mutant in the cell surface fraction related to the amount of Cld5 wt in the same gel was divided by the amount of this Cld5 mutant in the corresponding lysate related to Cld5 wt in this lysate (surface biotinylation rate). The mutants R145A, R145Q, E146N, F147A, Y148A, D149N, T151A, V154A, S155A, Q156A, and E159Q showed a surface biotinylation rate similar to Cld5 wt and above threshold (dashed line), respectively (black columns, TJ type; white columns, disjunction type; classification see Fig. 1 ). E146A, Y148L, D149A, V152A, P153A, K157A, E159A, and L160A (gray columns, intracellular type) exhibited much lower surface biotinylation rate than Cld5 wt (Ͻ0.5). The intermediate types P150A and Y158A (striped columns) also displayed a surface biotinylation rate above threshold. MeanϮse, n Ն 3; mean values below threshold were considered as low Cld5 amount in the plasma membrane. was mainly found at the plasma membrane in cell-cell contacts and colocalization with CFP-ER was negligible. B) Cld5 E159Q , as an example of the disjunction type, was mainly found at the plasma membrane and showed very weak colocalization with CFP-ER. Note the presence of Cld5 E159Q in plasma membrane protrusions between two cells (arrow). C) In contrast, Cld5 V152A , example of the intracellular type, was not found in the plasma membrane and showed strong colocalization with CFP-ER. D) Cld5 P150A exhibited an intermediate phenotype, since often strong intracellular colocalization with CFP-ER and no or weak plasma membrane localization was detected, but in addition (E), a subpopulation of cells revealed wild type-like enrichment at contacts between two Cld5 P150A -expressing cells (arrow). F) Cld5 Y158A showed a different intermediate phenotype, since in most cases intracellular colocalization with CFP-ER, as well as homogenous plasma membrane localization, was detected (arrow). However, in addition (G), a subpopulation of cells showed a wild type-like enrichment at contacts between two Cld5 Y158A -expressing cells and intracellular localization (arrow). Phenotypes see Fig. 1 ; Scale bars ϭ 2 m.
of the strands had double-or triple-line morphology (Fig. 6F) .
Monomer model reflects intramolecular interactions of the extracellular loop 2 of claudin-5
Different structural templates (PDB-ID: 1AD6, 1DEE, 1YC0, 2ANU, 2BDV) were identified with homologous sequences to the Cld5-ECL2. They were used to generate various models (␤-hairpin, ␣-helix-turn-helix). The best model based on 2BDV (hypothetical protein BB2244, Bordetella bronchiseptica) was selected according to the highest number of relevant intramolecular side chain interactions, consistent with the mutations that caused a folding/transport defect (6 out of 9 intracellular type mutants). This template comprises a helixturn-helix motif, has Ͼ80% sequence similarity to Cld5 143-160 and matches seven identical residues (ϳ40%) of claudin's ECL2, especially including two prolines (corresponding to P150, P153) and their flanking residues, which are very probably responsible for the turn conformation between the two helices of the loop (Fig. 7A) . The fold defective phenotype of mutants D149A, P150A, V152A, P153A, K157A, K157M, and L160A is due to the loss of stabilization of the turn conformation by their wild-type residues (Fig. 7B) . In detail, the hydrophilic residues D149 and K157 form hydrogen bonds across the loop/turn conformation, whereas D149 resembles the helix capping conformation as in the template structure. Apart from the two proline residues, which cause a bend in the backbone and are involved in the helix capping and turn conformations; the mutants V152A and L160A are also folding/transport defect. Their wild-type residues form a hydrophobic core between the turn and the two helices. E146 (Fig. 7B) and E159 (Fig. 7C) protrude from the loop conformation in our monomer model. They would be capable of interacting with other parts of Cld5, which would explain the observed folding/transport defect for E146A and E159A.
Intermolecular interactions across the paracellular space according a dimer model of the extracellular loop 2 of claudin-5
Amino acids, which are necessary for trans-interaction (corresponding to substitutions of the disjunction type), point toward two opposing sides in the monomer model (Fig. 7C) . The hydrophobic residues F147, Y148, and Y158 form an aromatic interface in a row at one side of the loop model, while the hydrophilic residues Q156 and E159 are situated at the opposite side. The aromatic core formed by an interface of two sets of F147, Y148, and Y158, (F147Ј, Y148Ј, and Y158Ј) are responsible for the dimer formation in the model (Fig.  7D, E) . This model was selected out of eight possible trans orientations on the basis of the highest score of intermolecular side chain interactions.
DISCUSSION
The study suggests for the first time molecular determinants for the homophilic interactions by which claudins form TJ strands. We identified different interactions involved in the formation of cell-cell contacts and TJ strands by an individual claudin. For this purpose, we established a cellular assay system without endogenous TJs. Single amino acid exchanges in the Cld5-ECL2 result in three phenotypes (Fig. 8) . The designated TJ type of substitutions does not considerably disturb trans-interaction, cis-interaction, strand formation, and -morphology. The intracellular type exhibits intracellular accumulation, probably due to misfolding of Cld5. Consequently, interactions at the plasma membrane cannot be assessed. The disjunction type specifically impairs the trans-interaction and strand formation but does not affect cis-interaction or plasma membrane targeting.
So far, other studies have focused on the effect of overexpression or knockout of claudins on paracellular HEK cells were cotransfected with Cld5 wt -CFP and different Cld5-YFP mutants or CRFR1-YFP as control. FRET was determined at cellcell contacts by acceptor photobleaching and the FRET-efficiency relative to that of the pair Cld5 wt -CFP/Cld5 wt -YFP is depicted. Cld5 wt showed more than 10-fold higher FRET-efficiency than CRFR1 (checkered). All mutants belonging to the TJ type (black) or disjunction type (white) resulted in relative FRETefficiency being not significantly different to that of Cld5 wt . The intermediate type Cld5 P150A (black/gray) also showed relative FRET-efficiency not different from that of Cld5 wt ; Cld5 Y158A (white/gray) showed a relative FRET-efficiency different from that of Cld5 wt but significantly higher than that of CRFR1. For each construct 20 -42 different cell-cell contacts, detected in Ն2 independent transfections, were analyzed. Mean Ϯ se. permeability (27) . In these cases, the coexistence of different claudins made it difficult to look at defined modes of claudin-claudin interaction and oligomerization. In this study, homophilic Cld5 interaction was analyzed by transfection of TJ-free HEK cells with Cld5-YFP/CFP fusion constructs, enabling live-cell imaging and FRET analysis. YFP or CFP is fused to the C-terminus of Cld5. The free C-terminus could bind to a PDZ-domain of ZO-1 (28) . However, the C-terminus when blocked by YFP/CFP cannot bind to ZO-1, since neither claudin-1-GFP (8) nor Cld5-YFP (not shown) colocalize with ZO-1 in TJ-free cells. Consequently, in our system the Cld5-Cld5 interaction is not influenced by an interaction with ZO-1. In the case of the TJ and disjunction type, the amount of Cld5 in the plasma membrane is similar to that of the wild-type, as proven by colocalization with a plasma membrane marker and cell-surface biotinylation. Consequently, the lack of enrichment at Cld5-contacts should be directly due to a failure in trans-interaction caused by the substitutions of the disjunction type.
Previously we have demonstrated cis-interaction of Cld5 wt by FRET at Cld5-contacts (21) . Here, we determine the ability of TJ and disjunction type mutants for cis-interaction. Neither type influenced Cld5 cis-interaction at Cld5-contacts. For the intracellular type mutants, the level at Cld5-contacts was much lower than that of the wild-, TJ-, or disjunction types. Thus, the FRET efficiencies of Cld5 wt and intracellular type mutants cannot be compared quantitatively. Nevertheless, at Cld5-contacts, most mutants of the intracellular type still exhibit higher relative FRET efficiency than the control. Taken together, these results indicate that the ECL2 is not primarily involved in the cis-interaction. Intracellular accumulation, as found for some Cld5 mutants, has also been reported for ECL mutations of other claudins (29) or connexins that form gap junctions (30) . Predominant colocalization with an ERmarker was found for the intracellular type and partly for the intermediate types (Cld5 P150A , Cld5 Y158A ) but not for the TJ-and disjunction type. This strongly suggests that the respective amino acid substitutions cause misfolding of Cld5, since ER retention is a common feature of misfolded proteins (31) . -165) , Cld5m, and a phage-related protein from Bordetella bronchiseptica, 2BDV (173) (174) (175) (176) (177) (178) (179) (180) (181) (182) (183) (184) (185) (186) (187) (188) (189) (190) , as a result of a FASTA search in the structure database PDB. This identified structural portion is due to the very strong sequence similarity, especially in the central turn region, well suited to serve as reliable template for a homology model of the ECL2. Given are the prediction of transmembrane regions (M) for Cld5 according to swissprot database (TM pred), the amino acid sequence number of Cld5 (AA cld5m), the sequence similarity according to FASTA [Fasta-PDB; for identical (:) and similar (.) residues] and the secondary structure (hϭhelix) of the template 2BDV (SecStr 2BDV). B-E) Homology model for the ECL2 of Cld5 based on the helix-turn-helix structure portion of 2BDV. Helix 3 (orange) and helix 4 (cyan) are likely extracellular extensions of transmembrane helices TMH3 and TMH4 (partly shown under the dashed line). The monomer model reflect homologous side-chain orientations of residues (B) stabilizing the turn conformation and where the generated mutants disturbed the fold (intracellular type) and (C) outward orientation of five amino acids where the generated mutants disturbed the trans-interaction (disjunction type). Three amino acids (F147, Y148, Y158) form an aromatic interface at one side of the loop and in the evaluated dimer model (D) assemble an aromatic core, whereas the other two residues (Q156, E159) are located at the other side of the loop (E ). The different view of the dimer model point to the antiparallel orientations of two ECL2 and their suggested approximate positions to hold onto each other between opposing cells. Models are consistent with mutagenesis data.
Ultrastructural implications for strand formation by claudin-5
The freeze-fracture experiments demonstrate that only mutants of the TJ type, but not those of the disjunction or intracellular types, can form wild type-like strands with respect to number, interconnection, and E-face association. We demonstrate that in the ECL2 of Cld5, in particular amino acids F147, Y148, Y158, and E159 are involved in strand formation. The same residues are involved in trans-interaction also. Consequently, transinteraction is a prerequisite for strand formation, as illustrated in Fig. 9 . It was reported earlier that ECLs of claudin-2 and -4 do not contribute to the morphology of heteromeric strands in transfected TJ-containing MDCK cells (18) . Similarly, we find no major effect of ECL2 substitutions on the morphology of homomeric claudin-5 strands in TJ-free HEK cells, if trans-interaction, folding, and membrane targeting are maintained. The appearance of TJ strands in freeze-fracture replica depends on the nature of the tissue and the claudin. We find that Cld5 wt and TJ type mutants form discontinuous rows of particles associated with the E-face in HEK cells, similar as observed in Cld5-transfected fibroblasts (32) . In contrast, claudin-1, e.g., forms continuous strands associated with the P-face (6) . The molecular base of these difference is unclear. However, continuity and P-face association (PFA) of TJ strands may correlate with the barrier integrity (33, 34) . It has also been suggested that continuity and PFA are favored by heterophilic claudin interactions (35) . Interestingly, we observe differences in the PFA, too. Mutations, such as Y148A or P153A, affect trans-interaction either directly or indirectly by destabilizing the loop structure (see below) and increase PFA of the Cld5 strands. In detail, the very few and uncomplex strands found for the disjunction type, e.g., Y148A, or intracellular type P153A exhibit strong PFA. This, for the first time, indicates that association of Cld5 particles with the membrane faces could be related to the strength of the trans-interaction. On the other hand, it is assumed that a strong PFA is connected to a strong anchorage to the cytoskeleton (34) . However, in our system, Cld5 cannot be linked to the cytoskeleton via ZO-1 as discussed above. Consequently, the cytoskeleton is most likely not responsible for the observed difference in PFA.
Molecular model of the homophilic interaction of the extracellular loop 2 of claudin-5
Molecular modeling of the Cld5-ECL2 monomer based on the high sequence homology to the protein structure 2BDV resulted in a helix-turn-helix structural motif. The turn conformation between the two helices is stabilized by a network of hydrogen bonds, two prolines (P150, P153) and hydrophobic side chain interactions (V152, L160). These stabilizing patterns in the monomer model are consistent with folding defect phenotype of alanine mutations at exactly these residues. Due to the cyclic structure of the proline side chain, this amino acid possesses a restricted backbone conformation, which is suited to form turn structures (36) . In contrast to the intracellular type mutant D149A, D149N results in a wild-type-like phenotype, which is consistent with the model in that it maintains the hydrogen bridge pattern. This is supported by the fact that asparagine occurs at this position in several other claudin-subtypes. This conserved H-bridge between the side chain of D149 and backbone -NH of V152 could also explain why an alanine mutation at position P150 gives a phenotype with only slightly abnormal folding, since an additional stabilizing feature, the H-bridge, bypasses P150 across the first half of the loop. The intracellular phenotype of mutations K157A and K157M can be explained by the loss of the H-bridge of lysine 157 toward backbone of D149 (Fig. 7B) . Based on our data, the best evaluated trans-dimer model consists of an aromatic core of six residues, which is stabilized by F147, Y148, and Y158 at ECL2 of Cld5 from either side of opposing cells. The postulated interaction via aromatic residues is often described in protein-protein interactions (37) . Mutations of these aromatic residues gave phenotypes with disturbed trans-interaction. Thus, three of five mutants with disturbed trans-interactions can directly be explained by such an ECL2 dimer model. The remaining two mutants, Q156E and E159Q, are located in our model at the opposite side of the aromatic core as is E146. We suggest that this side of the ECL2 model interacts with other parts of claudin. This idea is supported by the fact that E146 and E159 are highly conserved in the majority of claudins, and alanine mutants of the two residues lead to intracellular phenotypes probably due to disturbed folding.
The claudin family can be divided into two groups on the basis of their amino acid pattern in ECL2. Claudin-1 to -10, -14, -15, -17 and -19 represent the classic group with highly conserved amino acid positions (% similarity): E146 (85%), F147 (100%), Y148 (95%), P150 (98%), K157 (98%), E159 (100%), L160 (100%). Interestingly, all these highly conserved amino acids are shown in our mutation study to be important for folding and/or trans-interactions. This indicates that our findings are important for all members of this classic claudin group, where the ECL2s most probably possess both a common structural fold and a common molecular mechanism to recognize and attach ECL2 of claudins at opposite cells across the TJ. In contrast, claudin-11, -12, -13, -16, -18, and -20 to -24 show high variability in amino acid composition and loop length, indicating different folds from those described here for Cld5 in the classic group. For claudin-16, diverse pathological mutants have been described with effects on folding/transport or on function (Mg 2ϩ pore) in different parts of the molecule, including ECL2 (29) . However, as the ECL2-sequence is so different, mutations of claudin-16 cannot be considered for Cld5.
Conceptual model for formation of claudin-5 strands
We propose a two-step scenario of Cld5 polymerization (Fig. 9 ): 1) Due to cis-interaction, Cld5 monomers oligomerize (brackets, n). However, Cld5 does not polymerize into continuous strands within one membrane. The oligomers are of limited size, as they appear as small intramembranous particles in freeze fracture replica. Furthermore, this size is consistent with Cld5 hexamers found in lysates of eukaryotic cells (35) . 2) At TJs, the ECL2 essentially contributes to trans-interaction between oligomers in the two opposing plasma membranes. This trans-interaction triggers the formation of polymeric strands. Moreover, this mechanism would prevent uncontrolled polymerization of Cld5 in intracellular compartments. On the other hand, it could explain the discontinuous appearance of Cld5 strands on the E-face in freeze-fracture replica. If the polymerization takes place in the paracellular space due to trans-interaction rather than cis-interaction, as suggested earlier (19) , the continuity of the strands would be visible only from the paracellular side. Since in freeze-fracture replica the Cld5 strands can be observed only from the intramembranous side (black arrows, Fig. 9 ), the paracellular continuity is hidden and, therefore, only discontinuous rows of particles are observed. In addition, since an association of Cld5 with ZO-1 is not possible in our system, it is unlikely that the integration of Cld5 oligomers into strands is caused by this scaffolding protein. Taken together, we suggest that the polymerization takes place in the paracellular space via trans-interactions.
Clarification of the oligomerization of Cld5 is of pharmacological relevance, as knockout mice demonstrate that Cld5 specifically tightens the blood-brain barrier for molecules Ͻ800 Da (10) . This includes the size of most drugs in clinical use. Consequently, elucidation of the interaction mechanism has the potential for the development of specific TJ-modulators, which could be of interest for the improvement of drug delivery to brain tumors or the treatment of neurodegenerative diseases.
Based on our mutation data and supported by the antiparallel homodimer model of ECL2, for the first time, we have specified intermolecular interaction patterns and molecular determinants of how two claudins hold onto each other across the paracellular space. Four of five residues, which are crucial for trans-interaction, are highly conserved in the classic claudin group. Hence, our findings are of general importance for classical claudins and present a conceptual advance in the molecular and structural Figure 9 . Scheme of homophilic claudin-5 oligomerization and strand formation (two-step model). Cld5 forms oligomers (n) via cis-interaction in one plasma membrane as demonstrated by fluorescence resonance energy transfer. The oligomers consist of at least two monomers. However, no continuous polymers are formed in one membrane as proven by freeze-fracture electron microscopy. Trans-interaction (double-headed arrow, details Fig. 7C, D) , at least partly mediated by the ECL2 (2), is necessary for polymerization and strand formation. This interaction scheme is consistent with the mutagenesis data, the homology models, and the discontinuous appearance of rows of small particles in freezefracture replica. The dashed line and the black arrows indicate a possible fracture plane and the direction of observation of the exoplasmatic face after freeze-fracturing.
